A sequential anode-cathode double-chamber microbial fuel cell (MFC), in which the effluent of anode chamber was used as a continuous feed for an aerated cathode chamber, was constructed in this experiment to investigate the performance of brewery wastewater treatment in conjugation with electricity generation. Carbon fiber was used as anode and plain carbon felt with biofilm as cathode. When hydraulic retention time (HRT) was 14. at an external resistance of 300 Ω. To estimate the electrochemical performance of the MFC, electrochemical measurements were carried out and showed that polarization resistance of anode was the major limiting factor in the MFC. Since a high COD removal efficiency was achieved, we conclude that the sequential anode-cathode MFC constructed with bio-cathode in this experiment could provide a new approach for brewery wastewater treatment.
Introduction
The brewery industry discharges large volumes of highly polluting effluents throughout the year (Braeken et al., 2004; Parawira et al., 2005) . Traditional treatments, such as aerobic sequencing batch reactor and up-flow anaerobic sludge blanket reactor, require a high energy input and are thus costly. New approaches for wastewater treatment which not only reduce cost but also produce useful side-products have recently received increasing attention. The microbial fuel cell (MFC) technology offers a valuable alternative to energy generation as well as wastewater treatment.
MFC is a device to treat wastewater and produce electricity at the same time (Bennetto, 1984; Habermann and Pommer, 1991) . A variety of readily degradable compounds such as glucose and acetate, and various types of wastewater such as domestic, starching and paper recycling plant wastewater, have operated successfully as substrate in MFC (Melhuish et al., 2006; Freguia et al., 2007; Kargi and Eker, 2007; Liu and Li, 2007; Min and Angelidaki, 2008; Venkata-Mohan et al., 2008) . Most could achieve a considerable chemical oxygen demand (COD) removal efficiency accompanied with electricity generation. Among these studies, landfill leachate was treated using MFC at a hydraulic retention time (HRT) of 18.7 h, and biological oxygen demand (BOD) decreased from 630 to 269 mg/L with a low power density of 1.35 mW/m 2 (Greenman et al., 2009) . A comparable result of 80% in COD removal efficiency was obtained by Liu et al. (2004) using domestic wastewater, accompanied with a maximum electrical power of 26 mW/m 2 .
Currently, abiotic cathodes are the most commonly used cathodes in MFCs, which complete the circuit as electron acceptors, but do not perform direct wastewater treatment. Since concentrations of organic matters after anaerobic treatment in anode chamber are relatively high, deep aerobic treatment is expected to degrade wastewater further to achieve the wastewater discharge standard. It is noticeable that MFC is a combined system with anaerobic and aerobic characteristics. It can be regarded not only as an anaerobic treatment process in anode chamber, but also a complete unit with an aerobic treatment process in the cathode chamber. Consequently, a combination of anaerobic-aerobic process can be constructed using a double-chambered MFC, in which effluent of anode chamber could be used directly as the influent of the cathode chamber so as to be treated further under aerobic condition to improve wastewater treatment efficiency. Freguia et al. (2008) have constructed a sequential anode-cathode MFC to treat artificial wastewater, and reported that this configuration could improve cathodic oxygen reduction and effluent quality of MFCs.
In this experiment, brewery wastewater treatment using sequential anode-cathode MFC, in which the effluent of anode chamber was used as a continuous feed for an aerated cathode chamber, was studied. Degradation of organic matter of the MFC was investigated under long-term stable operation. Peak performance of the MFC was monitored by polarization curves. Electrochemical measurements, including Tafel plots and electrochemical impedance spectroscopy (EIS), were carried out to analyze the characteristics on polarization behavior of the electrodes and discharge resistances of the MFC.
Materials and methods

Microbial fuel cell construction
MFC was constructed by two plexiglas rectangular chambers (6 cm×5 cm×6 cm, each with a liquid working volume of 0.1 L) separated by a proton exchange membrane (PEM) (Nafion 117, Dupont Co., USA), which was pretreated according to the procedure reported by Yoshitake et al. (1996) to increase the porosity and stored in deionized water prior to use (Fig. 1) . Anode was made of three parallel groups of carbon fibers, which were wound on two graphite rods (Φ8 mm, 5 cm long) to form 3-sheet structures (4 cm×3 cm); plain carbon felt (6 cm×6 cm, 3 mm thick) (Qijie Carbon Material Co., Shanghai, China) with biofilm was used as cathode. An aerator was inserted in the bottom of cathode chamber to supply air with an aquarium pump and provide mixing. Both anode and cathode chambers were constructed with a water inlet and outlet on each side, while six electrode tip jacks (forming a double line) with a diameter of 9 mm were set up on the top. Connections between two electrodes were made with copper wires through a rheostat (0.1-9999 Ω).
Culture and operation
Anaerobically mixed sludge from Harbin brewery (Heilongjiang, China) was used as inoculum in the anode chamber of the MFC for electricity generation; aerobic sludge was collected from a sequencing batch reactor (SBR) (used to treat glucose artificial wastewater) in our lab. Then 20 ml of this aerobic sludge was injected into the cathode chamber as inoculum. Raw brewery wastewater was used as substrate of anode. The characteristics of brewery wastewater are listed in Table 1 Table 1 Characteristics of brewery wastewater
was fed by a peristaltic pump (Longer BT100-1 J, China) to the anode chamber, of which the up-flow rate was 13.6 ml/h, corresponding to an HRT of 7.35 h. Effluent of anode was connected by a beaker, and then it was pumped into the cathode chamber with the same flow rate, which kept an HRT of 7.35 h. Thus the overall HRT of this system was 14.7 h.
Analytical methods
COD measurements were conducted using standard methods, the closed reflux method (Wei, 2002) . Voltage (U) yielded from MFC for long time operation was recorded automatically by a computer at an interval of 3 min and converted to power density, according to P (W/m 3 )=1000U×j×A/0.1 or P (W/m 2 )=U×j, where j is current density (A/m 2 ), which is calculated by j=U/(R×A) based on external resistance R (Ω) and projected surface area of cathode or anode A (m 2 ), 1000 is based on the unit change, and 0.1 denotes the volume of anolyte (L). A digital voltmeter was used against a saturated Ag/AgCl reference electrode to measure electrode potentials. Polarization curves were obtained by plotting potential and power density against current density at variable resistance points (9000 to 10 Ω) during stabilized MFC operation every one hour after each resistance load was changed.
To estimate the electrochemical performance of the MFC, electrochemical measurements, including Tafel plots and EIS, were performed with a potentiostat (CHI604B, Chenghua Instruments, Shanghai, China). Tafel plots were scanned at a rate of 0.1 mV/s, while EIS was measured at a frequency range of 0.01-10 5 Hz with amplitude of 0.005 V, which is shown in Nyquist plots (Barsoukov and Macdonald, 2005) .
Results and discussion
Bioelectricity production during startup period of the MFC
Before anode inoculation, the cathode was pretreated in aerobic sludge for biofilm growth for one month (data not shown). Thereafter raw brewery wastewater was pumped continuously into anode, of which the effluent was used as substrate of cathode. Cell voltage was recorded by a computer, while electrode potentials were recorded every 12 h by a digital voltmeter against a saturated Ag/AgCl reference electrode. Following sequential connection of anode and cathode, an increase in performance of the MFC occurred (Fig. 2) . After a transitory lag period, anode potential decreased sharply from −155 to −300 mV between Days 3 and 4, while cell voltage increased from 21 to 68 mV. Since the anode material has been used in previous experiment to treat brewery wastewater using a single-chambered MFC (Wen et al., 2009) for 5 months, it suggests that the activity of anaerobic biofilm at the anode maintained well and recovered fast. After 13 d of startup, the MFC performed a relatively stable voltage of about 60 mV at an external resistance of 100 Ω, accompanied with a power density of 0.36 W/m 3 .
Wastewater treatment of the MFC during long-term stable operation
After a period of stable continuous operation, the wastewater treatment performance of the sequential anode-cathode MFC with direct air sparging was monitored at 100 Ω for a week. Both anode and cathode chambers were continuously monitored for substrate (as COD) removal to evaluate the potential of the MFC to act as an anaerobic-aerobic wastewater treatment unit ( account for about a half proportion. Wang et al. (2008) investigated the performance of an air-cathode MFC treating brewery wastewater at an HRT of 60 h, and found a COD removal of 79% was obtained when brewery wastewater concentration was 1 333 mg COD/L. Compared with that, sequential anode-cathode MFC in this experiment can greatly improve the effluent quality at a much lower HRT. The sequential system in this study showed its potential for substrate removal in both anode and cathode, indicating that sequential anode-cathode MFC has a well capacity in brewery wastewater treatment.
Electricity production determined by polarization curves
The feasibility of power generation in conjugation with the wastewater treatment was documented by measuring voltage and power output. Peak performance was determined by polarization curves obtained at different resistances (10-9000 Ω) when influent COD of anode was 1 249 mg/L (Fig. 3) . With an open circuit voltage of 0.434 V, a maximum power density of 830 mW/m 3 (23.1 mW/m 2 vs. cathodic area, 7.5 mW/m 2 vs. anodic area) was achieved at an external resistance of 300 Ω in this experiment. Data showed that the power output of the sequential anode-cathode MFC in this experiment was quite low, most likely due to a much higher internal resistance (300 Ω, the external resistance at the maximum power output), which is accordance with the result of Ieropoulos et al. (2008) . Furthermore, it was said that excessive COD entering the cathode could eventually restrict oxygen supply to the cathodic biofilm and hence prevent electricity generation, which was caused by the growth of aerobic heterotrophs. Since the influent COD of cathode in this study was 650-710 mg/L, which can be considered relatively high, the inferior electrochemical performance of the MFC may be due to the excessive COD entering the cathode. In addition, the low cathodic open circuit potential of −0.034 V in this experiment also indicated a sign of incipient COD carry-over. Therefore, the performance of this sequential anode-cathode MFC can be further improved by optimization. Although the electricity production was low, the MFC generated an effluent with consistently low COD of 60 mg/L around, as a stable and high organic removal efficiency (>90%) was achieved at an HRT of 14.7 h (7.35 h for both anode and cathode). The high COD removal was achieved because the cathode process acted as an additional aerobic polishing step following the standard anodic treatment. MFC anodes do not have the ability to thoroughly remove biodegradable COD as shown previously (Liu et al., 2004) . By feeding the anode effluent to an aerobic cathode, heterotrophs growing on the cathode can use oxygen to hydrolyze and oxidize biodegradable COD. It can be concluded that sequential anode-cathode MFC could provide a new approach for brewery wastewater treatment, even the one that is much harder to be biodegraded. Moreover, since the raw brewery wastewater was directly used as substrate in this MFC, of which the ion strength and buffer capacity were relatively low, the performance of the MFC could probably be improved by adding phosphate buffer solution (PBS), which will be our next study in the future.
Electrochemical evaluation
Polarization behavior of the electrodes
Since the power produced from the MFC was low, electrochemical measurements including polarization behavior of the electrodes (Tafel plots) and EIS were carried out to estimate the electrochemical performance of individual electrode and the cell. Electrode potentials were generated during the continuous operation using a potentiostat vs. a standard Ag/AgCl reference electrode. The MFC was first run at open circuit for 10 h to achieve a steady open circuit voltage and subsequently the MFC voltage was changed with the potentiostat at the scan rate of 0.1 mV/s (Fig. 4) . After an initial lag period of overpotential, the Tafel lines became linear. Based on the Tafel equation, the X-axis intercept is the logarithm of the exchange current densities (lnj 0 ), and thus the exchange current densities (j 0 ) of 0.1283 and 0.5499 A/m 2 were calculated for anode and cathode, respectively. Since j 0 represents the 'rate of exchange' between the reactant and product states at equilibrium, a higher value of j 0 means a faster reaction rate, following a lower activation energy barrier of forward reaction. Data showed that j 0 of cathode is more than four-fold of the one of anode, concluding that reaction at cathode was much faster than that at anode in the sequential anode-cathode MFC.
3.4.2 Discharge resistance analyzed by electrochemical impedance spectroscopy EIS measurement was carried out to compare the characteristics of discharge resistances of the anode, cathode and cell under raw wastewater. The overall resistance was composed of polarization resistance of the electrode (including activation and diffusion resistances) and ohmic resistance (R Ω ), which contains the ohmic contributions of the electrodes, the anolyte and catholyte, and the membrane (Aswin et al., 2008) . Fig. 5 shows that the discharge resistance of cathode is lower than that of anode, which is accordance with the result of Tafel plots.
R Ω of the anode, cathode, and cell were 7.94, 1.93, and 28.3 Ω, accounting for only a small proportion of their respective overall discharge resistances (Ieropoulos et al., 2008) . Hence, the most important limited factor of both anode and cathode was polarization resistance, which resulted in a high reaction resistance and finally caused an inferior electrochemical performance of the MFC. Moreover, the polarization resistance of anode was much higher than that of cathode, indicating that anode affected the performance of this sequential anode-cathode MFC much more than cathode.
Considering the analysis of electrochemical performance, it is thus concluded that the performance of the sequential anode-cathode MFC can be improved by increasing the kinetic reaction rate and mass transport rate, especially the rate at anode. To accelerate the reaction rate, there are many available methods, such as optimizing the reaction configuration (reducing the electrode space), using more effective electrode materials or catalysts, and improving solution conditions of both anode and cathode chambers (including pH, ion strength, temperature, etc.).
Conclusion
Performance of sequential anode-cathode MFC from raw brewery wastewater was investigated in this experiment. With an HRT of 14.7 h, a steady COD removal efficiency of 91. 7%-95.7% [3.87-4. cathodic area, 7.5 mW/m 2 vs. anodic area) were obtained at an external resistance of 300 Ω. Moreover, electrochemical measurements were carried out to evaluate the performance of individual electrode and cell. Results of Tafel plots and EIS showed that polarization resistance of anode was the major limited factor in the MFC. Since bio-cathode was used in the MFC, without any noble-metal catalysts, the cost of the whole system can be reduced. With a high COD removal efficiency, it is concluded that the sequential anode-cathode MFC constructed with bio-cathode in this experiment could provide a new approach for brewery wastewater treatment.
